Background. To successfully limit pathogen dissemination, an immunological link between the entry tissue of the pathogen and the underlying secondary lymphoid organs (SLOs) needs to be established to prime adaptive immune responses. Here, the prerequisite of CCR7 to mount host immune responses within SLOs during gastrointestinal Yersinia pseudotuberculosis infection to limit pathogen spread was investigated.
Immune cell migration processes during homeostatic and inflammatory conditions are regulated by chemokines and their receptors [1, 2] . Migration is key to mitigate pathogen-specific signals from peripheral tissues, like the intestine, to secondary lymphoid organs (SLOs), such as mesenteric lymph nodes (mLNs), a process essential for fast, efficient, and pathogen-specific immune responses [3] . This migration is dependent on the expression of chemokine receptors (CCRs), such as CCR7. CCR7 is particularly important for the migration of certain immune cells (ie, dendritic cells (DCs), monocytes, and T cells to Peyer's patches [PPs] and mLNs) [3, 4] . CC-chemokine ligand 19 (CCL19) and CCL21 are the ligands for CCR7 and are expressed by stromal cells located in the T-cell zone of SLOs and afferent lymphatic cells [5] [6] [7] [8] [9] . Different from other chemokines, their expression is constitutive rather than inflammation dependent, allowing entry of T cells from blood or peripheral tissues through high endothelial venules or lymphatics [3, 10] . Antigen-presenting cells (APCs), such as DCs, increase CCR7 surface expression upon activation, which enhances their migration to SLOs [11, 12] , and respective priming of pathogen-tailored immune responses [13] . Consequently, a deficiency of CCR7 leads to impaired DC migration and T-cell homing into draining lymph nodes [14] .
Despite its key role in triggering adaptive immune responses, no considerable abrogation of protective responses against several tested viral and bacterial pathogens has been observed in CCR7-deficient (CCR7 −/− ) mice [15] [16] [17] . However, upon cutaneous infection by Leishmania major, CCR7-dependent monocyte migration is required for protection because CCR7 −/− mice are not able to clear the pathogen and develop a chronic cutaneous infection [4] . Other pathogens such as Salmonella enterica serovar Typhimurium and Listeria monocytogenes are able to exploit CCR7-dependent migration of APCs to comigrate to the draining lymph nodes in a Trojan-horse fashion upon oral infection [18] [19] [20] .
Yersinia pseudotuberculosis causes several gut-associated diseases, ranging from self-limiting enteritis and abdominal pain to autoimmune disorders such as reactive arthritis [21] . Upon ingestion of contaminated food or water, Y. pseudotuberculosis efficiently transmigrates through the intestinal epithelium of the ileum and colonizes PPs, mLNs, and, at later stages, also systemic organs such as liver and spleen [22] . Whether CCR7-mediated migration is essential for mounting effective immune responses against Y. pseudotuberculosis has not been investigated to date. However, recent work showed that enteropathogenic Y. enterocolitica induces expression of CCR7 on lamina propria CD103 + DCs [23] .
In this study, we used a sub-lethal oral infection model for Y. pseudotuberculosis and observed that CCR7 −/− mice were not able to contain bacterial dissemination. Surprisingly, CCR7 −/− mice succumbed to infection, implying a protective role of CCR7 to primary infections with Y. pseudotuberculosis by promoting tissue-tailored immune reactions, potentially mediating the robust induction of protective T-cell responses in mLNs.
MATERIALS AND METHODS
In this study, the Y. pseudotuberculosis strain IP32953 was used in all experiments [24] . All detailed information about material and methods (ie, the histology and cytokine expression analysis, mouse infections, flow cytometry analysis, and the statistical analyses) are given in the methods section of the Supplementary Materials.
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RESULTS

Influence of CCR7 Deficiency on Susceptibility to Yersinia pseudotuberculosis Infection
To dissect the impact of CCR7 functionality on the infection route-dependent virulence of Y. pseudotuberculosis, wild-type (WT) and CCR7 −/− mice were infected orally or intravenously. Weight and health status were monitored for up to 20 days. Although oral infection with a lethal dose of 10 7 colony-forming units (CFUs) showed only a minor difference in lethality rates, infection with a sublethal dose of 10 6 CFUs resulted in high mortality rates solely for CCR7 −/− mice ( Figure 1 ). Systemic intravenous application with 10 3 or 10 4 CFUs resulted in rapid dose-dependent lethality, but no differences could be observed between WT and CCR7 −/− animals, whereas survival of mice infected with 10 2 CFUs was not affected by the infection (Figure 1 ). These results underline that CCR7-dependent mechanisms are only required in the context of the natural oral route of infection, which involves a progression of Y. pseudotuberculosis through the intestine.
CCR7 Impact on Bacterial Replication and Dissemination
Systemic dissemination of the pathogen and its uncontrolled replication in organs such as liver and spleen are the driving force behind lethality of gastrointestinal infections. The similarity between host infiltration mechanisms triggered by enteric pathogens such as Salmonellae and Yersiniae [25] prompted us to assess whether CCR7 functionality has an impact on Y. pseudotuberculosis dissemination from the intestine to mLNs and systemic organs such as liver and spleen. Thereto, WT and CCR7 −/− mice were orally infected with 10 6 CFUs of Y. pseudotuberculosis and killed 3, 5, and 7 days after infection, and the bacterial load of infected tissues was assessed. As shown in Figure 2A and 2B, overall colonization levels within small intestines, mLNs, and systemic organs were significantly higher in CCR7 −/− mice compared with WT controls. The bacterial titer in all tested host tissues was already high at day 3 after infection and remained at high levels over the course of infection. In contrast, a significant decrease of bacterial load was monitored in WT mice, in particular in gut-associated tissues (Figure 2A and 2B) .
In summary, CCR7 −/− mice show a rapid colonization of intestinal tissues and systemic organs already early during the infection when compared with WT animals, which are also more proficient in eliminating the pathogen during the course of infection. Our results indicate that Y. pseudotuberculosis does not rely on CCR7-mediated migration for dissemination and that CCR7 is beneficial to the host, limiting pathogen expansion in the context of the natural oral route of infection.
Effect of CCR7 Deficiency on Intestinal and Systemic Inflammation During
Yersinia pseudotuberculosis Infection
To determine the course and extent of inflammation and pathology, WT and CCR7 −/− mice were infected with Y. pseudotuberculosis, and intestinal and systemic organs were assessed for organ integrity and level of inflammation by hematoxylineosin staining. As previously reported [26] , small intestines of CCR7 −/− mice contained smaller PPs, displaying an altered architecture compared with WT animals ( Figure 3 ). Lack of CCR7 resulted in increased inflammation both in PPs and lamina propria at all time points assessed after infection, resulting in an extensive influx of macrophages and neutrophils and subsequent swelling of PPs ( Figure 3 ). Additionally, within PPs, proinflammatory cytokines interleukin 6 (IL-6), interferon γ (IFN-γ), and tumor-necrosis factor α (TNF-α) were highly upregulated in CCR7 −/− compared with WT mice (Supplementary Figure 1) . As early as day 3 after infection, macrophage infiltration strongly increased in mLNs of CCR7 −/− compared with WT mice (Figure 3 ). Wild-type spleens showed early hyperplasia already on day 3 after infection, increasing from day 5 to day 7. CCR7 −/− spleens showed marked necrosis and numerous Yersinia colonies, whereas most WT organs did not ( Figure 3 ). Additionally, white pulps of CCR7 −/− spleens were smaller in size compared with WT controls in the uninfected state and also throughout the infection (Figure 3 ). Inflammation and bacterial load within livers of WT mice decreased on day 7 compared with earlier stages of infection, but CCR7 −/− livers lastingly showed elevated levels of bacteria and inflammation ( Figure 2B , data not shown).
Taken together, the histological data confirm that the majority of WT animals control the infection in the small intestine. Dissemination to mLNs, spleen, and liver and accompanying systemic inflammation are limited (Supplementary Figure 2) . In contrast, infection of CCR7 −/− mice results in an extensive lymphatic and systemic dissemination of Yersiniae and triggers a rapid and sustained inflammation of infected tissues.
Impact of CCR7 Deficiency on Myeloid Cell Composition During Infection
To assess concomitant cellular effects based on CCR7 deficiency that might dominate the immune response and account for the strong proinflammatory environment in PPs of CCR7 −/− mice, we quantified changes to the myeloid compartment 1 and 5 days after infection with 10 6 CFUs of Y. pseudotuberculosis in PPs and mLNs using flow cytometry (gating strategy in Supplementary Figure 3A) . Already under steady-state conditions, PPs and mLNs of CCR7 −/− mice were characterized by significantly higher numbers of CD11b + Ly6G + neutrophils in intestinal tissues, indicating elevated inflammation in the CCR7 −/− mice ( Figure 4 ). Absolute numbers of monocytes and macrophages increased to a similar extent over the course of infection in both WT and CCR7 −/− mice, whereas the number of CD11b + Ly6G + neutrophils was substantially higher in PPs of CCR7 −/− mice at all time points assessed (Figure 4 ). In addition, slightly higher numbers of monocytes (CD11b + Ly6C high and CD11b + Ly6C − ), but not macrophages (F4/80 + ), were observed in PPs of CCR7 −/− mice at day 1 after infection. No major impact of CCR7 on the myeloid cell composition was observed for the spleen (Supplementary Figure 3B) . In summary, high numbers of professional phagocytes in PPs and mLNs in CCR7 −/− mice at the initial stage of infection indicate an aptitude for inflammatory responses. Statistical analysis was performed with log-rank test (*** P < .001).
Effect of CCR7 Sufficiency on Migration of Professional AntigenPresenting Cells to Mesenteric Lymph Nodes
Based on the primary observation that CCR7 deficiency results in high lethality only in the context of the natural oral route of infection at a late stage 7 days after infection, we assumed that the lack of successful priming of the adaptive immune system might drive fatalities. Antigen presentation to T cells relies on migration of activated and pathogen-antigen-loaded APCs from the periphery to draining lymph nodes, a process that relies on CCR7 expression [26] . In contrast with respiratory tract infections with Pseudomonas aeruginosa, where CCR7 −/− mice are more proficient in eliminating the pathogen [17] , we observed that CCR7 expression is important for host survival (Figure 1) .
To test whether CCR7-dependent migration of DCs takes place during Y. pseudotuberculosis infection, WT and CCR7 −/− mice were orally challenged with 10 7 CFUs of the pathogen, and the cellular composition of CD11c + MHCII + DCs in mLNs was assessed by flow cytometry 3 and 5 days after infection (gating strategy in Supplementary Figure 4) . As expected, mLNs of uninfected CCR7 −/− mice already presented significantly lower numbers of CD11c + MHCII + DCs in comparison with WT controls ( Figure 5A and 5B). Three days after infection, an increase in the frequency of CD11c + MHCII + DCs was observed in both groups; however, the number of DCs dropped back to initial levels in CCR7 −/− mLNs on day 5 after infection, whereas the number of DCs remained stable over the course of infection in WT mice ( Figure 5B) . Importantly, the frequency of T cells was unaffected in WT mice, whereas a significant reduction in T cell abundance was observed at day 5 after infection in CCR7 −/− mice ( Figure 5C ).
Together, the monitoring of DCs and T cells during the course of Y. pseudotuberculosis infection confirms the CCR7-dependent influx of activated DCs into mLNs, potentially priming adaptive immune responses and sustaining the pool of T cells.
Influence of CCR7 Deficiency on Effector T-Cell Cytokine Responses in
Mesenteric Lymph Nodes
The predisposition of CCR7 −/− mice to mount a rapid neutrophil response limited DC migration to the mLNs and reduced abundance of T cells at day 5 after infection tempted us to assess whether T cell responses are negatively impacted by the innate immunity-dominated responses in CCR7 −/− mice. To this end, we performed cytokine expression analysis of the mLNs to monitor cytokine responses during the infection. Proinflammatory cytokines, including IL-6, IFN-γ, and TNF-α, were expressed Statistical analysis was performed with Mann-Whitney test, comparing bacterial burden of WT and CCR7 −/− mice for each organ and at each time point (*P < .05; **P < .01; ***P < .001).
to a similar extent in mLNs for both CCR7 −/− and WT mice ( Figure 6A ). However, only WT, not CCR7 −/− , mice displayed a robust upregulation of Th17-like response cytokines interleukin 17A (IL-17A), interleukin 17F (IL-17F), and interleukin 21 (IL-21) at day 5 after infection in the mLNs ( Figure 6B ), which is in line with the sustained abundance of DCs in the WT animals ( Figure 5B) . Notably, the cytokine response in WT animals is heterogenous with Th17-or Th2-like cytokine responses aggregating per mouse ( Figure 6C ). This correlated with a bimodal distribution of RORγT + cells within the CD3 + CD4 + in the mLNs ( Figure 6D ). To further evaluate whether observed upregulation of IL-17A and IL-17F in some of the WT mice is required to defeat the infection, we performed oral infections with a lethal dose of 10 7 CFUs in WT and double-knockout mice for IL-17A and IL-17F (Il17af −/− ). As shown in Figure 6D , we observed that IL-17A/F sufficiency allowed survival of a significant proportion of mice.
In summary, the time-course profiling of T cell response cytokines showed that specific immune responses and in particular Th17-like responses are initiated and sustained in mLNs of WT mice, whereas CCR7 −/− mice are not able to establish a supportive microenvironment for effector T cell responses in the mLNs, irrespective of the common strong Th1-like response in both WT and CCR7 −/− mice ( Figure 6A and 6B ).
DISCUSSION
The follicle-associated epithelium of PPs contains high numbers of M cells that serve as main entry sites for enteropathogenic Yersiniae. Subsequent colonization of PPs serves as a staging ground for spread through lymph and/or blood into mLNs, liver, and spleen [27] . Enteropathogenic Yersiniae were shown to be in close contact with mononuclear phagocytes and dendritic cells [23] . This indicated that they could serve as alternative front gates for Yersinia into the lamina propria and as transport vehicles through blood/lymph to mLNs and deeper organs.
Herein we addressed the role of CCR7-dependent migration of immune cells to PPs and mLNs for Y. pseudotuberculosis virulence. CCR7 is upregulated in DCs upon contact with inflammatory or tissue-damaging molecules, and this initiates homing of DCs from peripheral to lymphoid tissue to trigger an adaptive immune response [3, 7, 14] . Although CCR7 is also upregulated on DCs as response to Y. pseudotuberculosis infection, we found that its absence does not reduce dissemination of this pathogen. In contrast, CCR7 deficiency enables a more efficient proliferation and dissemination of Y. pseudotuberculosis in host tissue and renders the host more susceptible to a natural oral infection. Notably, CCR7 competence had no impact on host responses in case of intravenous Y. pseudotuberculosis infection. This illustrates that the entry route is critical for the impact of CCR7-dependent migrations and adaptation of the immune system to limit Y. pseudotuberculosis dissemination to deeper tissues. In this context, previous studies reporting that CCR7 has no or only limited influence on successful host responses in case of nonphysiological intravenous Listeria monocytogenes lymphocytic choriomeningitis virus infection [15, 16] should be reevaluated.
In contrast with what has been reported for Y. enterocolitica and Salmonella Typhimurium [18, 20, 23, 28] , we observed that systemic dissemination of Y. pseudotuberculosis does not require CCR7-dependent migration of DCs and monocytes. The reason for this remains elusive, but it is possible that a set of different Yersinia surface adhesins/invasins and/or secreted factors enables the pathogen to actively enter deeper tissues and follow distinct dissemination pathways independent of immune cell migration. One study documented that colonization of draining lymph nodes by Y. pestis occurred due to trafficking of infected DCs/monocytes in response to redundant chemotactic signals, including CCR7 [28] . However, a new method studying Y. pestis transmission by its natural route (ie, the bite of an infected flea) demonstrated that, although professional phagocytes quickly migrate to bite sites and interact with bacteria, migration to lymph nodes appeared to be independent of CCR7 [29, 30] . Similar to Y. pseudotuberculosis, CCR7 expression is also elevated in Y. pestis-infected DCs, but bacterial components encoded on the Yersinia virulence plasmid seem to abolish migration of DCs to the draining lymph nodes [31] .
Our results show that CCR7 competence restricts Y. pseudotuberculosis dissemination and systemic organ burden, especially later during infection. They also indicate that the observed impact of CCR7 on the host response to Yersinia depends on the specific environment encountered within host tissue during the course of infection. It is known that different immune alterations are associated with CCR7 −/− deficiency, and these changes may alter the behavior of the pathogen. An additional immunologic disadvantage is the lack of development of oral tolerance relying on tolerogenic intestinal antigen-bearing DCs [32] , and establishment of humoral immune responses [33] . These limitations to develop balanced intestinal immunity potentially drive chronic inflammation, alter myeloid cell composition, and result in elevated levels of neutrophils and inflammatory monocytes under steady state conditions.
Moreover, PPs of CCR7-deficient mice are scarce in naive CD4 + T cells [34] . Deficiencies in adaptive immunity were shown to promote adverse small intestinal Th17 responses that drive inflammation and disease progression [35, 36] . In line with exacerbated inflammation, we observed rapid swelling of PPs in CCR7 −/− mice upon infection, reaching maximal size on day 5 to day 7, when CCR7 −/− mice succumbed to disease. The major influx of neutrophils and inflammatory monocytes could be mediated by a positive autocrine feedback loop. Because neutrophils are highly abundant in CCR7 −/− mice, incoming Y. pseudotuberculosis are recognized by a larger pool of neutrophils, elevating the secretion of CXCR2 ligands by neutrophils, actively promoting further accumulation of CXCR2 + neutrophils and monocytes [2, 37] . The elevated presence and influx of neutrophils could shift the inflammatory metabolic environment, increase pathogen-targeted immune responses and inflammation, and drive observed pathogenesis in CCR7 −/− PPs [38, 39] . Furthermore, CCR7 −/− mice are marked by a sustained proinflammatory immune response in PPs. However, they do not seem able to establish a cytokine milieu in the mLNs in response to a Yersinia infection, which promotes effector T cell responses, such as the induction of sufficient interleukin 2 levels to support the expanding T cell population [40] . The mLNs of CCR7 −/− mice are characterized by an influx of DCs early during infection, but they are not able to sustain the DC compartment later during infection. This early influx of DCs in CCR7 −/− mice is potentially due to blood-derived DC precursors as a response to the inflammation [41] . This indicates that the migration of DCs from the intestine to the mLNs is required to promote T cell differentiation and Th17-like immunity in the context of a Y. pseudotuberculosis infection. The source of IL-17 is challenging to determine because several cellular entities (eg, T cells and innate lymphoid cells) can contribute to Th17-like immune responses [42] . Notably, a recent work investigating infections with Yersinia pestis revealed that neutrophils are the main source of IL-17A in the lymph nodes. This study also demonstrated that IL-17A produced by neutrophils protects against pneumonic plague through the orchestration of IFN-γ-activated macrophage programming [43] . In fact, abrogation of IL-17A/F significantly aggravated the infection, similar to Y. pestis, indicating that IL-17A is also a critical requirement for early protection of a Y. pseudotuberculosis infection. Thus, increased abundance of neutrophils in CCR7 −/− mice could also contribute to the protective effect through IL-17A production.
Our data underline specific host-pathogen interactions during infection and emphasize the importance of using infection models with the evolved route of infection to truly dissect tissue-specific requirements for immune responses. In the case of oral Y. pseudotuberculosis infection, the chemokine receptor CCR7 seems to be required to mount proper T cell immune responses to limit pathogen dissemination and ensure host survival.
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